"Purification and characterization of a heterogeneous glycosylated invertase from the rumen holotrich ciliate Isotricha prostoma."
INTRODUCTION
Micro-organisms living in the stomach of ruminants are dependent on the host for their food supply. Some have developed specialized pathways for the assimilation of particular substrates and possess, for example, an array of carbohydrases to degrade and utilize the plant structural polysaccharides. Others, such as the holotrich ciliates (Family Isotrichidae), depend more specifically on readily available substrates. Although these ciliates can depolymerize both pectic and hemicellulosic polysaccharides, they are only capable of metabolizing simple substrates such as the soluble sugars D-glucose, D-fructose or sucrose (for a review see ref. [1] ). The rumen holotrich protozoa show chemotaxis to these sugars [2] . A diet rich in soluble carbohydrates also increases the number of holotrich ciliates found in the rumen [3] .
Many carbohydrase activities have been reported in rumen ciliates [4] . However, no detailed studies have hitherto been carried out on the structure and properties of these enzymes owing to the difficulty in obtaining pure cultures of rumen ciliates. Therefore their exact role in rumen metabolism is still unclear.
Sucrose, for instance, is an easily fermentable sugar, and hence there is the possibility of severe competition for this sugar in the rumen. The metabolism of sucrose generally commences by its hydrolysis into D-glucose and D-fructose by invertase (/1-fructofuranosidase, EC 3.2.1.26). The presence of a very active invertase in rumen holotrich ciliates has been known for many years [5, 6] , and in addition some exocellular activity has also been reported [7] .
Although numerous reports have been published on invertases from bacterial, fungal or vegetable origin (for a review see ref. [8] ), hitherto no protozoal invertase has been characterized in detail.
In the present paper we now describe the purification and characterization of the invertase from an isolated species of holotrich ciliate, Isotricha prostoma.
MATERIALS AND METHODS

Isolation of ciliates
The cells were obtained from the rumen fluid of a sheep mono-contaminated with the holotrich ciliate Isotricha prostoma. The rumen, for this purpose, was defaunated with Mannoxol OT (BDH Chemicals) according to the method of Demeyer & Van Nevel [9] . Then 100 cells of Isotricha prostoma, selected microscopically, were re-introduced through the permanent fistula subsequent to injection of 500 ml of normal rumen fluid freed from living ciliates by freezing in liquid N2.
The Isotricha prostoma cells were washed by repeated decantations in Hungate's salt solution [3] at 40 'C. Cells were frozen in liquid N2 and stored at -70 'C until use.
Invertase purification
All purification steps were performed at 0-4 'C.
Step 1: preparation of the cell-free extract. Frozen cells were thawed in buffer A (20 mM-potassium phosphate buffer, pH 6.5, containing 0.25 M-mannitol and 1 mm-EDTA) and sonicated for 3 x 1 min (Virsonic Cell Disrupter model 16-850; The VirTis Co.). Large cell debris and organelles were removed by two successive centrifugations (103 and 4 x 0 g -min) in respectively Sorvall GLC2 and Beckman J21 centrifuges. The final supernatant was sonicated for 10 x 1 min and centrifuged (6 x 106 g * min) in a Beckman L8-70 centrifuge to provide a supernatant termed the cell-free extract.
* To whom correspondence should be addressed.
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Step 2: chromatography on Sepharose CL4B/octylSepharose CL4B. A 90 cm x 3 cm column was poured up to a height of 74 cm with Sepharose CL4B (Pharmacia) and further completed with octyl-Sepharose CL4B (Pharmacia), both equilibrated in buffer A without mannitol but containing 1 M-(NH4)2SO4. The column was loaded with the cell-free extract adjusted to 1 M-(NH4)2SO4 and then eluted with the equilibration buffer (22 ml/h). Fractions (4.4 ml) were collected for assay for invertase activity and measurement of the absorbance at 280 nm. Active fractions were pooled and dialysed overnight against buffer B (0.1 M-sodium acetate buffer, pH 6.0).
Step 3: chromatography on DE52 DEAE-cellulose. The dialysed sample from step 2 was applied to a 5.7 cm x 1.4 cm column containing DE52 DEAE-cellulose (Whatman) and equilibrated in buffer B (10 ml/h). After the column had been washed with 10 ml of the equilibration buffer, the bound proteins were eluted with a 0-1 M-NaCl linear gradient in buffer B (40 ml). Fractions (1 ml) were analysed as in step 2.
Step 4: chromatography on concanavalin A-Sepharose 4B. The pooled active fractions from step 3 were adjusted to 1 M-NaCl, 1 mM-CaCl2, 1 mM-MgCl2 and 1 mMMnCl2. They were applied (2 ml/h) to a 6 cm x 0.4 cm column of concanavalin A-Sepharose 4B (Pharmacia) (approx. 10 mg/ml of gel) and equilibrated in buffer C (0.1 M sodium acetate buffer, pH 6.0, containing 1 MNaCl, 1 mM-CaCl2, 1 mM-MgCl2 and 1 mM-MnCl2). The column was washed with 3 ml of buffer C and the invertase was then eluted with a 0-0.25 M-methyl amannoside linear gradient in buffer C. Fractions (0.3 ml) were analysed as in step 2.
The purified enzyme was either dialysed extensively against 50 mM-sodium acetate buffer, pH 5.5, or desalted by passage through a Sephadex G-25 (medium grade) (Pharmacia) column and stored at -70 'C.
Enzyme assay
Invertase activity was assayed by measuring the production of reducing sugars by the 2,4-dinitrosalicylic acid method [10] . Typical assay was performed in 125 mMsodium acetate buffer, pH 5.5, at 40 'C in the presence of 40 mM-sucrose. In the presence of excess D-glucose or Dfructose, the activity was assayed either by the sorbitol dehydrogenase reaction [11] or by the glucose oxidaseperoxidase method [12] . [19] or glycopeptidase F [20] and t.l.c. [21] were performed as described in the references cited.
RESULTS
Purification of the invertase
Starting with a cell-free supernatant obtained after ultrasonic disruption of Isotricha prostoma cells, the invertase was purified by three successive chromatographic steps. The first step took advantage of the high Mr of the enzyme and of its low hydrophobicity under the conditions used [1 M-(NH4)2SO4, pH 4.5]. The Sepharose CL4B/octyl-Sepharose CL4B column was unable to retain the invertase and allowed a purification factor of approx. 11.5-fold for this step with a 760 yield ( Table 1 ).
After dialysis of the active fractions, most of the contaminating proteins remained unbound to the ionexchange DE52 DEAE-cellulose column (Fig. 1b , fractions 10-60) whereas the invertase activity was eluted as a major peak by the NaCl gradient.
Finally, all invertase activity was retained on the concanavalin A-Sepharose 4B affinity column. The enzyme was eluted with a methyl a-mannoside gradient as a single, slightly asymmetric, peak (Fig. 1c) .
The final purification factor was approx. 160-fold with a 15 00 yield. The specific activity of the purified enzyme was approx. 3000 units/mg (Table 1) .
Purity and Mr
The analysis by SDS/polyacrylamide-gel electrophoresis of the purified invertase revealed several major bands displaying enzymic activity (Fig. 2, lanes A and  C) . The major form had a mobility corresponding to an Mr of about 170000-200000. The Mr values of the subunits were estimated to be between 65000 and 80000 after the sample had been boiled for 2 min in SDS before electrophoresis (Fig. 2, lane B) .
The native enzyme appeared to be a tetramer with an Mr of about 350000 that was slightly dissociated into dimeric forms of Mr about 170000 during centrifugation on the glycerol gradient (Fig. 3) . The same results were obtained by gel filtration on a Sepharose 6B column in acetate buffer (results not shown).
Carbohydrate composition
The sugars associated with the purified enzyme were N-acetylglucosamine (3.1 %), mannose (2.9 %), glucose (1.4%) and galactose (0.9 %). (Fig. 4,  lane B) .
The unglycosylated polypeptides were those that were resistant to treatment with trifluoromethanesulphonic acid. Two bands (or two groups of bands) appeared after SDS/polyacrylamide-gel electrophoresis (Fig. 4, lane C (Fig. 6) . The corresponding values of the apparent Michaelis constant (Km(app,)) showed a linear relationship with the initial D-fructose concentrations (Fig. 6 inset) . The D-fructose acted as a competitive inhibitor of the invertase. The inhibition constant was calculated to be 47 mm.
Linear plots were also obtained with the reciprocal representation for D-glucose inhibition (Fig. 7) . The slope increased with the glucose concentration. There was a common intercept with the 1 /[S] axis except for the plot obtained in the absence of D-glucose. The inverse of the values for the apparent initial reaction rate were linearly related to the initial D-glucose concentrations (except for the data without D-glucose) (Fig. 7 inset) the Isotricha prostoma invertase several products supplementary to D-glucose and D-fructose were observed after t.l.c. The transferase activity of the invertase led mainly to the synthesis of trisaccharides with a small proportion of tetrasaccharides. This activity was quantified by the addition of [U-'4C]sucrose during the assay and subsequent measurement of the distribution of the radioactivity in the different spots of the t.l.c. plates. About 15 0 of the radioactivity was incorporated into compounds migrating more slowly than the sucrose. There was no transferase activity at 5 mM-sucrose, whereas only 1-2 % of transferase products were detected at 40 mM-substrate concentration.
DISCUSSION
We have purified the invertase of Isotricha prostoma from a homogenate of cells collected from a mono- contaminated sheep. To our knowledge, only one carbohydrase, a hemicellulase, had been previously purified from an extract of total goat rumen ciliates [22] . The invertase of Isotricha prostoma is thus the first enzyme to be purified from a known species of rumen ciliate and the first invertase to be purified from a protozoon. Despite its intrinsic heterogeneity, the enzyme has been purified to homogeneity as shown by SDS/polyacrylamide-gel electrophoresis (Fig. 2) . The high final specific activity (3000 units/mg) combined with the relatively low purification factor (160-fold) indicates that the invertase appears to be abundant in Isotricha prostoma compared with, for example, the invertase of the yeast Saccharomyces cerevisiae [23] .
The purified enzyme is a tetramer that dissociates into dimers or monomers during centrifugation on a glycerol gradient or during electrophoresis. (Fig. la) .
We can only speculate on the reasons for the diversity of the monomers. It is perhaps a way of exerting control on invertase activity, as the synthesis of invertase appears to be constitutive in Isotricha prostoma. It could also provide some particular properties to the enzyme in 4 order to make efficient use of the sucrose available in the rumen. However, the properties studied in this work do by D-fructose not seem to-be uncommon as compared with the properties of invertases from other sources. Most of the ,in the presinvertases have an acid optimum pH and display some 100 mM; *, activity with raffinose as substrate. The transferase proentration on perties of the Isotricha prostoma invertase are similar to those of the yeast Saccharomyces cerevisiae [24] . Yeast and plant (Ricinus communis, Saccharum officinarum) invertases are also inhibited by an excess of substrate or products [25] [26] [27] . However, it is difficult to imagine that very high concentrations of sugars can be obtained in the rumen. Nevertheless, in this case, the Isotricha prostoma cells may have developed a system that allows access of invertase to locally concentrated sugars. The Isotricha prostoma invertase, as mentioned above, is glycosylated and shows similarity to other eukaryotic invertases characterized so far. The binding of invertase to concanavalin A-Sepharose 4B, its sensitivity to glycopeptidase F, its insensitivity to endoglycosidase H and its carbohydrate composition suggest that the glycosylation is linked to the asparagine of the polypeptides and is of the complex type.
Some properties had been reported for invertase in cell homogenates of holotrich ciliates [5] [6] [7] [28] [29] [30] [31] . The present data obtained on the purified enzyme are in good agreement with these reports and describe new charac- 
